Lactate dehydrogenase-5 and creatine kinase from rabbit muscle were labeled by coupling with N-hydroxysuccinimidyl 3-(4'-hydroxy-[3',5'-5I]diiodophenyl)propionate. After purification, the analytical recovery of catalytically-active labeled enzyme averaged 90% for lactate dehydrogenase, 81 % for creatine kinase. The labeled enzymes were Injected intravenously into rabbits and disappearance from plasma of catalytic activity and radioactivity was measured. The disappearance curves for lactate dehydrogenase-5 differed considerably from those observed with the enzyme labeled by direct iodination. The discrepancy was due to rapid hydrolysis in vivo of the labeled amide-enzyme linkage, because ibout 50% of the Injected radioactivity appeared in the urine as 125l-labeled 3-(4'-hydroxy-3',5'-diiodophenyl)propionic acid within 4-8 h of injection. Similar outputs were observed after administration of this acid to rabbits. The free acid was also detected in the urines of rabbits within 4-8 h of the Intravenous Injection of creatine kinase labeled similarly. We conclude that thismethod of labelingis unsuitablefor preparing radioactive enzymes for study of their catabo- 
enzymes were Injected intravenously into rabbits and disappearance from plasma of catalytic activity and radioactivity was measured. The disappearance curves for lactate dehydrogenase-5 differed considerably from those observed with the enzyme labeled by direct iodination. The discrepancy was due to rapid hydrolysis in vivo of the labeled amide-enzyme linkage, because ibout 50% of the Injected radioactivity appeared in the urine as 125l-labeled 3-(4'-hydroxy-3',5'-diiodophenyl)propionic acid within 4-8 h of injection. Similar outputs were observed after administration of this acid to rabbits. The free acid was also detected in the urines of rabbits within 4-8 h of the Intravenous Injection of creatine kinase labeled similarly. We conclude that thismethod of labelingis unsuitablefor preparing radioactive enzymes for study of their catabolism.
Addftlonal Keyphrases rabbits #{149} catabolism of enzymes

#{149}
creatine kinase #{149}lactate dehydrogenase
#{149} 125I4abel4 N-hydroxysucclnlmldyl 3-(4'-hydroxyphenyl)propionate
In attempts to prepare radioactively-labeled enzymes for the study of their catabolism in vivo, we successfully labeled lactate dehydrogenase-5 by direct iodination with 'iodide and an oxidizing agent, but the recovery of catalytically-active labeled enzyme was disappointingly small, averaging 10-20% (1) . This technique failed completely with lactate dehydrogenase-1 and creatine kinase, presumably because of the concomitant oxidation of enzymic thiol groups. Direct radio-iodination of lactate dehydrogenase-1 has since been successfully accomplished by means of solid-phase lactoperoxidase (2) , but among the alternative methods attempted was one based on the coupling of the enzyme with N-hydroxysuccinimidyl 3-(4'-hydroxy- [3',5'125I] diiodophenyl)propionate, which has been applied in labeling proteins for use in radioimmunoassay procedures (3) . Excellent recoveries of labeled enzymes were obtained and the present paper describes our techniques and the use of the products in the study of their disappearance rates from plasma of rabbits injected with them.
Material and Methods
Chemicals
We used N-hydroxysuccinimidyl 3-(4-hydroxyphenyl)propionate ("Tagit"; Calbiochem Ltd., London, W1H lAS); 3-(4-hydroxyphenyl)propionic acid (Ralph Emanuel Ltd., Wembley, Middlesex HAO 1PY); carrier-free Na125! (100 Ci/liter, IMS 30; Radiochemical Centre, Amershain, Bucks HP7 9LL); and rabbitmuscle creatine kinase (MM) (ATP:creatine phosphotransferase, EC 2.7.3.2.), rabbit-muscle lactate dehydrogenase isoenzyme 5 (M.; EC 1.1.1.27), and test kits for the determination of thiol-activated creatine kinase (Boehringer Corporation (London) Ltd., London W5 2TZ).
Sephadex G25(medium) was obtained from Pharmacia, Uppsala, Sweden; the pre-coated silica gel plates from Eastman Kodak Co., Rochester, N.Y. 14650.
All other chemicals used were of reagent grade.
Preparation of 3-(4'-hydroxy-3',5'-diiodophenyOpropionic
acid. A solution of iodine (5.1 g) in 30 ml of KI solution (1 mol/liter) was added dropwise to a magnetically-stirred solution of 3-(4-hydroxyphenyl)propionic acid (1.66 g) in 20 ml of NaOH (10 rnol/liter) during 30 mm at 20 #{176}C. Stirring was continued for a further 30 mm, after which the reaction mixture was acidified to pH 4 with HC1 (10 mol/liter). The precipitated acid was collected on a BUchner funnel, washed free of iodide with HC1 (1 mol/liter), and dried at 80 #{176}C overnight. Yield: 3.82 g (91%). After crystallization from aqueous acetone, 3-(4'-hydroxy-3',5'-diiodiphenyl)- 
Determination of Enzyme Activities
Lactate dehydrogenase activity was determined in a Unicam SP 1800 recording spectrophotometer, the cuvette compartment of which was maintained at 25± 0.1 #{176}C, by the method of Wr#{243}blewski and LaDue (5) , in which pyruvate is reduced in the presence of NADH.
Creatine kinase activity was also determined spectrophotometrically at 25 ± 0.1 #{176}C (6, 7), with a Boehringer test kit.
Radio-iodination and Coupling
Radio-iodination of N-hydroxysuccinimidyl 3-(4-hydroxyphenyl)propionate.
The ester was labeled by a modification of the xhethod of Bolton and Hunter (3) . The reaction was done at 25 #{176}C in a tube attached to a mechanical shaker. We treated 0.1 mg of the crystalline ester with 1 mCi of Na125! in 50 tl of water, followed by a solution of Chloramine T (2.5 mg) in 0.5 ml of sodium phosphate buffer (pH 7.5,0.25 mol/liter). The reaction was then immediately stopped by adding a solution of 6 mg of Na2S2O5 in 0.5 ml of sodium phosphate buffer (pH 7.5, 50 mmol/liter), 0.5 ml of a solution 10 mg of K'27! in sodium phosphate buffer (pH 7.5, 50 mmol/ liter) was added as a carrier, and the radio-iodinated ester was extracted into a mixture of 0.1 ml of dimethylformamide and 10 ml of redistilled benzene. The benzene extract was distributed into five glass vials and evaporated in a current of nitrogen. The vials were then sealed and stored in a desiccator at 4 #{176}C. Under these conditions the labeled ester was stable for at least a week. The procedure was done as quickly as possible, because the ester is unstable in an aqueous medium. Time from addition of Na'25! to extraction of the product never exceeded 30 s. Marked loss of labeled ester resulted if this period was prolonged.
The purity of the product was checked by thin-layer chromatography on pre-coated silica-gel plates. Most radioactivity was concentrated in two spots, with RF 0.5. and 0.7, which together accounted for about 88-99% of the total. The proportion of radioactivity at the origin varied between 0 and 6%.
Coupling of enzymes with radio-iodinated ester.
Rabbit-muscle lactate dehydrogenase-5, 2 mg dissolved in 1 ml of sodium borate buffer (pH 8.5,0.1 mol/liter), was added to 20 pg of dried 125!-labeled ester (about 2.75 mol of ester per mole of enzyme) and the mixture was gently stirred at 0#{176}C for 15 mm. One milliliter of glycine (0.5 mol/liter of borate buffer) was added, to remove excess ester. After 5-10 mm at 0 #{176}C the labeled enzyme was separated from other components by gel filtration on G-25 Sephadex as previously described (1) . The fractions containing enzyme activity were pooled and dialyzed vs. 200 volumes of sodium phosphate buffer, (pH 7.4,50 mmol/liter) containing, per liter, glycine (1 mmol), KI (1 mmol), and 3-(4'-hydroxyphenyl)propionic acid (1 tmol). Dialysis was repeated until radioactivity could no longer be detected in the diffusate.
Analytical recovery of catalytic activity, after conjugation with the labeled ester and subsequent purification, was 88-94%.
The molecular ratio of labeled ester to enzyme affected the recovery of catalytic activity. As shown in Figure 1 , the yield of active labeled enzyme fell markedly with ratios exceeding 10.
A similar procedure was used for labeling creatine kinase and for its purification, except that 10 mg of rabbit-muscle creatine kinase dissolved in borate buffer was treated with 0.21 mg of dried labeled ester (about 3.5 mol per mole of enzyme); 81% of the catalytic activity was analytically recovered.
Radio-iodination of 3-(4'-hydroxyphenyl)propionic
acid. 200 ,Ci of Na1251 (10 gil) was mixed with 64.4 mg of KI dissolved in 1 ml of water and added to 17 mg of 3-(4'-hydroxyphenyl)propionic acid dissolved in 0.2 ml of NaOH (1 mol/liter). The mixture was magnetically stirred during the dropwise addition of 75 mg of Chloramine T dissolved in 1.5 ml of water over a period of 15-20 mm. Sodium metabisulfite (0.1 ml of 60 mmol/ liter solution) was added to remove the excess iodine and Chloraniine T, after which the mixture was adjusted to pH 4 with HC1 (1 mol/liter). The precipitate was collected by filtration and washed with HC1 (1 mmol/liter) until the washings were free of radioactivity. The iodinated acid was dried at 80 #{176}C. Yield: 25 mg (59.5%). Its purity was checked by two-dimensional chromatography on Whatman 3MM paper, with nbutanol/ethanol/ainmonia (0.5 mol/liter) (5/1/2 by vol) and n-butanol/acetic acid/water (12/3/5 by volume) as solvents. The product contained 99% of the diiodo acid and 0,9% of the mono-iodo acid, but was practically free from inorganic iodide.
Measurement of Disappearance Rates of Injected Enzymes
Unlabeled creatine kinase. Rabbit-muscle creatine kinase (5 mg, 125 U) was dissolved in 1 ml of sterile NaC1 (0.15 mol/liter) and injected into a marginal ear 
solution were separately measured and expressed as percentages of the total radioactivity of each sample of plasma. Similar measurements were made after precipitation of the plasma proteins with 10 volumes of trichloroacetic acid (100 g/liter).
'251-Labeled 3-(4'-hydroxy-3',5'-diiodiphenyl)propionic acid (5 mg), dissolved in 0.1 ml NaHCO3 (2 mol/liter) and mixed with 1 ml of sterile NaCl (0.15 mol/liter), was injected into two rabbits as described above.
The urine and feces from all animals injected with labeled materials were collected for measurement of excreted radioactivity.
The nature of the radioactive components of the urines was determined by chromatography on Whatman 3MM paper with the two developing solvent-systems described.
Results
Lactate Dehydrogenase-5 vein of each of three rabbits. Blood was collected into heparmnized tubes from the corresponding vein of the other ear at timed intervals after injection. After centrifugation, creatine kinase activity was determined in the plasma from each sample.
Labeled materials.
All animals receiving the radioactively labeled enzymes and the acid were given Na'271 in their drinking water (5 minol/liter) for three to five days before the injection and throughout the course of the experiments, to prevent uptake of 'iodide by the thyroid.
Labeled dehydrogenase-5 (110 U, 5-15 jCi) in 1 ml of phosphate buffer, prepared as described above, was injected into a marginal ear vein of each of five rabbits. Blood was collected at timed intervals from the corresponding vein of the other ear into heparmnized tubes for measurement of enzyme activity and radioactivity in the plasma.
Labeled creatine kinase solution (2 ml, 66 U, 21 iCi) was similarly injected into each of two rabbits.
In both series of experiments, after plasma enzyme activity and radioactivity were measured, 0.2-mi samples of the plasma were mixed with 2.0 ml of ethanol at Figure 2 shows the catalytic activity and radioactivity in plasma at various times after intravenous administration to the rabbit of lactate dehydrogenase-5 labeled as described. Enzyme activity followed a biphasic exponential cours until the normal plasma value was reached, but the curve for the disappearance of radioactivity appeared to follow a triphasic course. In both cases a rapid distributional phase (1, 2) was followed by a slower phase, during which catalytic activity and radioactivity disappeared at comparable rates. After the return of the catalytic activity to the normal range, plasma radioactivity continued to decline at a still slower rate. Table 1 summarizes results of five such experiments.
The administered radioactivity was rapidly excreted in the urine, about half being accounted for in the first 8 h, but no more than traces were found in the feces ( Table 2) . Most of the urinary radioactivity was shown by paper chromatography to consist of free 3-(3'-monoor 3',5'-diiodo-4'hydroxyphenyl)propionic acid, with a small amount of this acid conjugated with amino acids and about 5% as 125iodide.
Creatine Kinase Figure 3 shows the plasma enzymic activity measured at various times after intravenous injection into the rabbit of unlabeled creatine kinase. The curves are similar to those observed with lactate dehydrogenase-5: the rapid initial phase, attributable to djstribution of the injected material throughout the extracellular fluid, is followed by a slower phase during which the enzyme appears to undergo inactivation. Almost identical curves were observed when the animals were injected with creatine kinase labeled by coupling with the iodinated ester, irrespective of whether catalytic activity or radioactivity was measured (Figure 4) . 
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The pattern of excretion of radioactivity after the administration of the labeled creatine kinase resembled that after injection of the labeled lactate dehydrogenase-5. As shown in Table 3 , about 70% of the dose appeared in the urine in the first 24 h, but only a small proportion appeared in the feces. Of the urinary radioactivity, 89.4 ± 0.9% (SD) was shown to consist of the iodinated 3-(4'-hydroxyphenyl) propionic acid and 10.4 ± 0.9% (SD) as '25iodide.
3-(4'-Hydroxy-3',5'-diiodophenyl)propionic Acid
The plasma radioactivity found in a rabbit injected with a solution of labeled 3-(4'-hydroxy-3',5'-diiodophenyl)propionic acid at timed intervals after the injection is shown in Figure 5 . The biphasic exponential curve gives half-lives of 0.85 and 4.0 h for the fast and slow disappearance phases, respectively. During the first 24 h after injection, 72.5% of the radioactivity appeared in the urine. Apart from a trace identified as '25iodide, practically all the urinary radioactivity (>98%) was shown by paper chromatography to consist of the unchanged acid. The half-lives for the plasma enzymes, determined by measurement of catalytic activity and radioactivity during the rapid first and slower second phases, are listed in Table 4 . The close similarity between the respective values during phase two is manifest, and it is noteworthy that these are similar to that observed (to.s = 4.0 h) for the labeled acid.
Soon after injection of the enzymes labeled with the radio-iodinated ester, a high proportion of the plasma radioactivity was precipitable with ethanol, but this proportion gradually decreased during the experiment (Table 5) . Thus an increasing proportion was no longer protein bound. After injection of the labeled acid, however, practically all the plasma radioactivity remained in the supernatant fraction. When trichloroacetic acid was used as the protein precipitant, practically all the radioactivity of the plasma of rabbits injected with the labeled enzymes was found in the precipitate. 
Discussion
The excellent analytical recovery of catalytic activity during labeling of lactate dehydrogenase- 5 and creatine kinase by coupling with radioiodinated N-hydroxysuccinimidyl 3-(4'-hydroxyphenyl)propionate suggests that enzymes so labeled would be suitable for injection into animals for the study of enzyme catabolism. However, we found that the disappearance curves for plasma radioactivity of rabbits injected with lactate dehydrogenase-5 labeled by this procedure were quite different from those observed after the injection with the enzyme labeled by direct radioiodination (1) .
We suspected that the amide bond formed by conjugation of the enzyme with the ester might be readily hydrolyzed in vivo when 3-(4'-hydroxy-3',5'-diiodophenyl)propionic acid, injected into a rabbit, was found to give a disappearance curve for plasma radioactivity similar to that observed with the enzyme-ester conjugate.
Further evidence of the lability of the amide linkage is that creatine kinase, labeled in the same manner, gave a mean value of 4.35 h for the disappearance of radioactivity during phase 2 ( Table 4 ). The close similarity between the disappearance rates for the plasma radioactivity after injection of either of the two enzymes or the free acid might have been purely coincidental, however, especially as the disappearance rates for catalytic activities of labeled and unlabeled enzymes were much the same as those determined by measurement of plasma radioactivity.
Evidence that the labeled enzyme-ester conjugate is unstable in vivo was obtained by determining the pro-tein-bound radioactivity in the plasma by precipitation with ethanol. In contrast to the 98% shown to be protein-bound after the administration of directly radioiodinated enzymes (1, 2) , there was a gradual increase in the nonprecipitable fraction in the present experiments (Table 5) . After 12 h only about 40% of the remaining radioactivity was protein-bound, which suggests that in both cases the injected enzyme was losing its radioactive label.
This theory was confirmed from a study of the radioactivity in urine. The very rapid excretion of the free acid in the urine-506 or more of the injected dose in the first 8 h after the administration of either enzymecompares with the excretion rate observed after the labeled free acid was injected (70% during the. first 8
Conjugation with the radio-iodinated ester has been suggested as a convenient means of labeling proteins for radioimmunoassay (3) , but we show here that it cannot be used in in-vivo studies owing to the rapid rate of hydrolysis of the amide complex. The present study has also established that measurement of plasma radioactivity is a measurement of the rate of hydrolysis of the enzyme/amide complex rather than of the disappearance of the enzyme protein.
The present work, however, has confirmed the disappearance rates for lactate dehydrogenase-5 in the rabbit, because the half-lives observed closely approximate those previously reported by Amelung (8) for the unlabeled enzyme, and by ourselves (1) for both labeled and unlabeled enzymes. There do not appear to be any previous reports of the disappearance rate for plasma creatine kinase in the rabbit, but in man this enzyme has a half-life of about 1.4 days, similar to that for lactate dehydrogenase-5 (9) . Such observations correspond to phase two in the present studies, which demonstrated similar disappearance rates for the two enzymes in the rabbit.
